We explored surface characteristics of polycarbonate substrates which were subjected to proton and nitrogen ion beams. Curved plates designed for a plastic window of a cell phone were fabricated using injection molding, and the process was simulated numerically. Different energy densities of proton and nitrogen ion beams were applied in this study. The physical and chemical properties of the samples were evaluated using UV-Vis spectroscopy, FT-IR, differential scanning calorimetry (DSC), nanoindentation, residual stress, and electrical analyses. Results revealed that the irradiation of proton and nitrogen ion beams led to changes in the chemical structures and energy levels of the polymer molecules. Furthermore, physical properties, such as hardness, glass transition temperature, transmittance, and electrical conductivity, were remarkably varied.
Introduction
Ion implantation is a powerful method for modifying materials by bombarding them with ion beams such as protons, argon, nitrogen, and metals. Since this can control energy power, u-ence, and prole of irradiated ion/dopants, many relevant studies are being carried out these days. However, understanding the microstructural changes induced by ion beam implantation in materials still needs to be developed for advanced manufacturing processes for high performance materials.
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Polymeric materials are widely employed in various applications due to their fascinating physical and chemical features such as high specic modulus and strength, high transparency, high chemical resistance, exibility, and lightweight properties. Furthermore, they can be produced in time and cost effective ways using efficient polymer processing methods such as injection molding and extrusion. [5] [6] [7] [8] These days, many attempts are being made to replace metal and/or ceramic materials with plastics in a wide range of applications such as in electronics, automobiles, optics, and aeronautics.
9,10 Among plastics, polycarbonate (PC) with excellent transparency and high impact strength has been extensively used in a wide range of such applications including microelectronics, medical devices, biosensors, and photonics. However, these polymeric materials have several problems to resolve, e.g., relatively low durability and anti-aging ability. On the other hand, aromatic polymers such as PC show relatively high resistance to ion beams, X-rays, and gamma rays. 1, 11, 12 There is a growing interest for enhancing the surface properties in polymer science and engineering. In particular, ion implantation is capable of engineering and improving the surface properties of polymers. During ion irradiation, various phenomena in a polymer may take place, such as macromolecular chain scission, cross-linking, free radical formation, carbonization, oxidation, and so on. In other words, polymer chains might be destructed and re-arranged by deposited energy through the ion bombardment, leading to a change in polymeric characteristics such as phase, molecular structure, crystallinity, and molecular weight. 13 Generally, chain scission of polymer molecules decreases molecular weight and crosslinkings are likely to increase the weight. 14-17 E. H. Lee explained the cross-linking mechanism induced by the irradiation of high energy ion beams and reported enhancement in hardness of the samples. 18 When an ion beam is irradiated onto a polymer, the beam energy diffuses into the substrate. In the case of ion implantation, two kinds of stopping powers (i.e., energy loss) can be taken into account. First, electronic stopping power can be explained by interactions between the incident ions and electrons of the polymer.
19,20 Second, nuclear stopping power results from Coulomb interactions between the nuclei of material and the incident particles. [21] [22] [23] The ion irradiation generates irreversible changes of polymer conguration and forms reactive elements such as radicals.
In this study, we analyzed the surface properties of curved polymeric parts irradiated with proton and nitrogen ion beams. The curved parts were designed for application as a plastic window for a cell phone and prepared using injection molding, and various uences were considered in the experiments. Physiochemical properties of PCs treated with an ion beam were evaluated and fabrication processes of the specimens were simulated numerically. Unlike literature regarding ion beam irradiated polymers, this report sheds light on the change in mechanical properties of plastic parts such as residual stress and hardness along with the fabrication process of the specimens.
Experimental
Materials and sample preparation PC was supplied by Lotte Chemical Co (Korea) (PC-1150). It encompasses pellets with a diameter of around 1 mm. Prior to the injection molding process, the pellets were completely dried. The drying conditions were 100 C for 4 hours. The moisture content was less than 0.2%. The polymer melt temperature was 300 C, and the mold temperature was 80 C. The mold was pre-warmed for 3 hours to secure enough time for thermal equilibrium.
Beam implantation
The injection molded PC substrate had a thickness of 0.6 mm and a curved shape as shown in Fig. 1 . 
Measurements
Transmittance of the samples was evaluated at wavelengths in the range of 250 nm to 1000 nm using a UV-Visible spectrometer (Lambda 1050, PerkinElmer). The Fourier transform infrared (FT-IR) spectrum of the samples was analyzed using a Nicolet 6700, Thermo Scientic FT-IR spectrometer. A KBr-pellet method was used, and the scan range was 4000-400 cm À1 .
The thermal characteristics of specimens were investigated using differential scanning calorimetry (DSC, Q2000 system, TA Instruments). The specimens for the DSC experiment were scanned between 25 C and 300 C AE 10 C min À1 .
Nanoindentation experiments were performed using a high temperature ultra-nanoindentation tester (UltraNano, CSM). A Berkovich tip was used, and a quasi-static load function with a peak force of 500 mN was applied. At least 5 tests were repeated and averaged. Electrical conductivity measurements were measured using a semiconductor parameter analyzer (HP 4155A) and voltage was applied from the positive to negative directions. In order to evaluate the deposited energy effect by proton and nitrogen ion beam irradiations, the samples were placed on a hot plate at 200 C for 1 hour, and then their absorption spectra were scanned. Residual stress of the samples was measured using a holedrilling method. In order to obtain a representative prole for residual stress in the thickness direction, the test was carried out at the centers of the samples. A strain gauge rosette was xed on the surface of injection molded parts using cyanoacrylate adhesive. A drill was positioned at the center of the rosette using an optical microscope. Holes were drilled in depth increments of 0.1 mm with a radius of 0.94 mm. At each depth, about 3 min was given to stabilize the samples prior to the measurements. The residual stresses in a specimen was then calculated at each hole depth using the results of the strain gauge. The residual stresses are expressed as below:
where
, s is the maximum principal stress at the hole location. Here, 3 1 , 3 2 , and 3 3 are the relieved strains measured from radially orientated strain gauges. For more details, 3 1 and 3 3 are the values along the two principal axes perpendicular to each other, and 3 2 is the value at 45 to the two principal axes. E and n are the modulus and Poisson's ratio of the injection molded part, respectively, and a and b are dimensionless calibration coefficients.
Numerical simulation
The manufacturing process of the curved polymeric plates was simulated numerically. For it, governing equations are as below: 
where r is the density,ṽ is the velocity vector, P is the pressure,s is the viscous stress tensor,g is the gravity/body-force vector, C p is the specic heat at constant pressure, b is the coefficient of thermal expansion, andq is the heat ux. Since the polymer melt was regarded as a non-Newtonian viscous uid in this study, the viscosity, h can be expressed using the following modied Cross model.
where h 0 is the zero shear rate viscosity, and s* is the shear stress at the transition between the Newtonian and the Power law behaviors, and n is the Power law index.
Results and discussion polymers
The penetration depths of proton and N 2 ion beams into the PC substrate were 1.13 mm and 72.5 nm, respectively. When the beams enter inside the matrix, they collide with carbon and hydrogen atoms and recoil. For a statistical understanding on stopped positions of the implanted ions, the density of ions is demonstrated as a function of target depth. Since the thickness of the sample was 0.66 mm, the proton beams could permeate the sample but the N 2 ion beams were stopped around surface of the sample. Fig. 3 presents the UV-Vis transmittance spectra of the ion beam irradiated samples. As the ion doses increased, the spectra decreased with respect to the wavelength. This decrement is related to the color change to brownish yellow in the samples, which results from the formation of color sensitive conjugated bonds with loosely bound p electrons and an increase of ion absorption. The samples implanted with proton ion beams were found to have larger transmittance and frequency dependence than those treated with nitrogen ion beams. In particular, transmittance of the proton ion specimen with a uence of 1 Â 10 14 dramatically changed according to the wavelength. The transmittance reduction can be understood based on the changes in chemical structures of the samples. As a result of the ion irradiation, chain scission occurs in the polymer and free radicals are generated. Thereaer, new chemical bonds by cross-linking or defects can be formed. FT-IR spectra of the samples are shown in Fig. 4 . Overall, transmittance decreased with increasing ion uence. This reduction is because of the cleavage of carbon bonds, dehydration, and formation of new linkages. Similar to the results of UVVis spectroscopy, the proton ion beam led to a larger decrease in the FT-IR absorbance than the N 2 ion beam. As the ion density of protons increased up to 10 14 protons per cm
À2
, the absorbance of the proton ion implanted PC remarkably decreased in the wavelength range of 3000 to 3700 nm. This range contains the characteristic peaks of aromatic, C-H, and O-H. Such a decline in spectrum intensity implies a change of chemical structure and the resulting compositional changes. It is assumed that the chemical change induces remarkable changes in physical properties of the parts prepared using injection molding in this study. As aforementioned, optical properties such as transmittance are highly dependent on the chemical structure and conguration of molecules. Proton beam irradiation resulted in chain scission, thus decreasing the transmittance of a specimen as demonstrated in Fig. 3(a) . In contrast, samples implanted with N 2 ion beams showed a slight change in absorbance when the uence increased even up to 10 17 ions per cm 2 . Fig. 5 shows DSC thermograms of the ion beam irradiated specimens. It turned out that the glass transition temperatures gradually decreased with an increase in the uences of proton and nitrogen ions. Such decrease was more obvious in the case of the proton ion beam than in that of the nitrogen ion beam. Proton and N 2 ion beam irradiations change the microstructures of polymers, such as crystal structure. Also, ion beam irradiation causes chain scission of polymers, thereby increasing the mobility of molecules. For proton irradiated samples, the lowest glass transition temperature was observed at 10 14 ions per cm 2 . In the case of the nitrogen ion beam, a decrease in the glass transition temperature is, however, not signicant. Fig. 6 demonstrates the hardness results of PCs implanted with ion beams. Since the polymeric part prepared in this study had a curved shape, it experienced asymmetric cooling during injection molding. Therefore, the magnitude of residual stress in the front side was larger than that in the back side. In this sense, the front side had higher hardness than the back side. As the proton ion beam irradiation was increased, the hardness of the back side decreased. On the contrary, the hardness of the front side showed more complex behavior, e.g., a maximal value. Note that hardness relies upon not only the chemical structure of a polymer but also the state of residual stress. Hence, mechanical properties need to be determined considering chemical changes including chain scission and crosslinking by the ion beam implantation and residual stress determined by the geometry and manufacturing conditions. Fig. 6(b) shows the decrement in the hardness with respect to the density of nitrogen ions.
Residual stresses resulting from the samples are displayed in Fig. 7 . While a symmetric wall temperature on a mold was applied during injection molding, the part was not solidied uniformly along the thickness direction due to the curved geometry of the injection molded part. From Fig. 7 (a) and (b), it was found that the residual stress in the front side was larger than that in the back side. This was due to relatively slow cooling of the back side, compared with the front side. Once a nitrogen beam was irradiated onto the sample, the states of residual stress in the front and back sides were changed. Hardness measured from the nanoindentation test is mostly determined by surface properties. Therefore, it is not easy to fully understand the hardness behavior of the samples since residual stress at the surface was not measured in this study. Fig. 8 illustrates electrical conductivities of the PCs irradiated with proton and nitrogen ion beams. In most cases, electrical conductivities were found to increase by increasing the dose. In particular, when the N 2 ion beam with a uence of 10 17 ions per cm À2 was applied, the electrical conductivity of the sample increased by almost 9 times more than the pristine PC.
As stated above, a proton beam could pass through the entire specimen, but a nitrogen beam halts around the PC's surface. Therefore, most of the nitrogen ions remained on the surface, which could lead to such increase in the electrical conductivity. Furthermore, since the proton and nitrogen ion beams entailed a change of molecular structure (e.g., carbonization) as shown in Fig. 5 , the corresponding conductivity could be enhanced.
16
Aer heat treatment, UV-Vis transmittances of the samples irradiated by the proton and nitrogen ion beams are presented in Fig. 9 . In the case of the sample implanted with the proton ion beam, the transmittance was fairly recovered especially in the regime of short wavelengths. This indicated that the proton beam Since the polymeric part had a curved shape, more complex patterns of the total displacement and residual stress were developed than with the at geometry case. Displacement around the edges of the parts were found to be relatively large. Fig. 11 demonstrates numerical results of the residual stress developed in the sample. Please note that the residual stress calculated numerically was the von Mises stress but not principle stresses. The numerically obtained stress was found to have a similar prole shape to the experimental results. To better visualize the residual stress distribution at the center of the entire simulation domain, the domain was partitioned along ow and transverse directions. Fig. 11(b) shows the contour of the residual stress at the center and the enlarged distribution along the thickness aer partitioning. Note that all the samples for the experiments were prepared from the center of the injection molded parts. Since the molded plates were curved, the mechanical properties of the front and back sides for the specimens were signicantly different, such as hardness and residual stress. This implied that the curved shape led to a change in the microstructure of the samples. However, in other experiments such as FT-IR, DSC, UV-Vis, and electric tests the resulting change was not detectable. Overall, this study is expected to provide a meaningful fundamental understanding regarding the effects of ion beam irradiation on the physical properties of injection molded parts.
Conclusions
In this study, we investigated the surface properties of injection molded parts aer implanting proton and nitrogen ions. For electronic applications, such as a cell phone and tablets, a curved plastic window was designed and manufactured via injection molding. The manufacturing process was also simulated numerically. The penetration depths of the proton and nitrogen ion beams were predicted. Various properties of the samples were analyzed through UV-Vis spectroscopy, FT-IR, DSC, and electrical conductivity measurements. The ndings showed that implantation of proton and nitrogen ion beams changed not only the chemical structures of the samples but also the energy levels of polymer molecules. Consequently, such changes could yield signicant variations in mechanical, thermal, and optical properties. We anticipate that this study could open a way for developing a polymeric part with outstandingly good physical properties at the interface between polymer engineering and quantum physics.
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